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Photon management incorporated with nanomaterials has enabled a wide range of applications in the field of photovoltaics, [1, 2] photodetectors (PDs), [3] and photo catalysts. [4, 5] For example, integrated nanostructures on the top of the optoelectronic devices have shown improved angular response and enhanced light absorption due to the light trapping. [6] [7] [8] [9] Nanomaterials themselves can also be made as the active channel of devices with superior optoelectronic performance, which have shown highly sensitivity, power efficiency, and fast response speed compared to their bulk counterparts. [6, 10] However, their performance is limited by the weak optical absorption due to the short light traveling length in nanomaterials. To increase absorption, recent studies have been focused on resonant structures, which extend the optical path length and maximize light absorption in nanomaterials. [10] Spatially, tailoring the resonant modes allows the absorption to be localized at the region of interest, for example, the p-n junctions. [11] Additionally, resonant modes enable the light absorption of nanomaterials to be spectrally tunable. For example, broadband absorption is achieved by whispering-gallery mode (WGM) structures. [12] However, polarized light is typically needed to excite resonances in nanostructures, which constrains their practicability. [13] Metal-oxide nanomaterials are promising candidates for PD applications due to their ultrahigh sensitivity and spectral selectivity, [14, 15] which are previously attributed to the pronounced surface effect, that is, surface band bending (SBB). [16] Taking ZnO NWs as an example, the width of SBB is tens of nanometers extending from the surface whose electrical potential is up to 1.5 V. Under this strong field, the photogenerated electronhole pairs are dissociated where the holes trap at surface and circulated electrons lead to high photogain. [17] For such a detection mechanism, photons absorbed at the surface are effectively converted to photocurrent and a resonant mode designed for improving near-surface light absorption is preferred. Moreover, metal-oxide-based PDs also suffer from the detrimental tradeoff between responsivity and switching speed owing to the surface effect (i.e., the slow oxygen adsorption/desorption process). This effect limits the PD response speed on the order of a few Optical resonance formed inside a nanocavity resonator can trap light within the active region and hence enhance light absorption, effectively boosting device or material performance in applications of solar cells, photodetectors (PDs), and photocatalysts. Complementing conventional circular and spherical structures, a new type of multishelled spherical resonant strategy is presented. Due to the resonance-enhanced absorption by multiple convex shells, ZnO nanoshell PDs show improved optoelectronic performance and omnidirectional detection of light at different incidence angles and polarization. In addition, the response and recovery speeds of these devices are improved (0.8 and 0.7 ms, respectively) up to three orders of magnitude faster than in previous reports because of the existence of junction barriers between the nanoshells. The general design principles behind these hollow ZnO nanoshells pave a new way to improve the performance of sophisticated nanophotonic devices.
www.advmat.de www.advancedsciencenews.com or even several hundred seconds. [15] Some strategies have been proposed to improve the response speed. Zhou et al. report the use of a one-side Schottky-contact geometry, which improves both sensitivity and response speed of a ZnO NW PD (response time ≈ 0.6 s). [18, 19] Arranging the NWs in a network also shows an improvement of the recovery speed due to the formation of multiple junctions (recovery time ≈ 0.5 s). [17] Surface modification through nanostructural design, such as core-shell geometries [17] and metal particle decoration, [17, 20] also provides viable routes for the same purpose. However, a method that results in further improvement of response speed with retention of responsivity is still needed.
In this study, we for the first time combined the advantages of metal-oxide nanomaterials with the resonant effect by designing ZnO spherical multi-nanoshells, which show excellent responsivity, fast response speed, and omnidirectional detection. By engineering the outer-inner shell interaction to induce WGM resonance, we were able to facilitate near-surface absorption in the nanomaterial. The responsivity of nanoshellbased PDs was thus enhanced because of the ease of light in-coupling and redistribution by the WGM, which enabled the light to circulate around the material surface. In addition, employing a network of these nanoshells in the device created multiple junction barriers between the electrodes, which greatly improved the response and recovery speeds (0.8 and 0.7 ms, respectively) by up to three orders of magnitude faster than previous demonstrations. [21, 22] Moreover, the symmetry of these spherical nanoshells allowed the WGM resonance to be excited with little dependence on the incident angle and polarization of light, enabling extreme omnidirectionality. The resonant nanoshell geometry reported herein explores a new pathway for designing the next generation of optoelectronic devices such as energy-harvesting devices and single-photon detectors. [23] Carbonaceous microspheres were used to template the assembly of ZnO nanoshells, resulting in spherical structures that had identical outer diameters of 1 µm. The carbon was then removed using a programmed heating procedure in air that allowed the remaining ZnO shell thickness and inner-shell spacing to be tuned (see the Experimental Section). [9] Three types of spherical nanoshells were simulated and characterized: (i) single-shelled (S-S), (ii) double-shelled (D-S), and (iii) closedouble-shelled (C-D-S), the inner shells closely adjoined to the outer). These spherical nanoshells have a diameter of 1 µm, as illustrated in Figure 1a . The structures of these nanoshells are shown in transmission electron microscopy (TEM) image (Figure 1a ). For D-S and C-D-S structures, the thickness of the inner shell is the same but the spacing between outer shell and inner shell is different and being tunable. For C-D-S, the inner shells were closely adjoined to the outer. For the D-S structure, eccentric deviations of the inner shell from the sphere center are caused by the free movement of the inner shells in the hollow cavities. Note that for the C-D-S samples, such deviations are less pronounced due to the limited space available, and thus a nearly concentric double-shell structure can be realized.
We began our study of these ZnO spherical nanoshells with a series of optical simulations to reveal the WGM effects on light www.advmat.de www.advancedsciencenews.com absorption and to obtain criteria to help optimize a PD device made from these materials (see the Supporting Information). [26] We used the finite-difference time-domain (FDTD) to study light management and propagation dynamics inside the ZnO nanoshells. We first verified the effect of nanoshell thickness on electric field density for S-S and C-D-S nanoshells, as shown in Figure 1b . In this simulation, we changed the thickness of the shells, while fixing the outer diameters of both the S-S and C-D-S spheres at ≈1 µm, and the gap between the outer and inner shells of the C-D-S sphere at 35 nm. We obtained a maximum resonance when the thicknesses of the S-S and C-D-S nanoshells were ≈100 and ≈50 nm, respectively. Because the thickness of the SBB region in the ZnO nanostructure is ≈40 nm (determined by ultraviolet photoelectron spectroscopy), [16] we defined the effective absorption as the light absorbed in this region. The WGM resonance of S-S and C-D-S could be clearly seen in the electric-field plots shown in Figure 1c , corresponding to the peaks marked as 1* and 2* in Figure 1b , respectively. The round shape of the nanoshell forms a closed path that distributes the light along the shells rather than directly passing through the structure. Since the diameter of the spherical nanoshells is fairly large, a high-order resonant mode with 20 antinodes near the periphery was excited, leading to increased localization of light toward the edge of shell's surface. [22] Compared to the S-S structure, the inner shell of the C-D-S serves as an adjacent resonator that supports additional coupling channels. First, the WGM resonance can be excited over a wide range of shell thicknesses (the full width at half maxi mum of the 1* and 2* peaks is 70 and 110 nm, respectively). The high tolerance to structural variation could be a result of a lowquality factor characteristic of the spherical nanoshell structure which facilitates coupling between the propagating light and resonant modes. Second, the electric field density of the multilayered nanoshells is much stronger than that within a single shell. While tuning the spacing between inner and outer shells, we observed an oscillation of the electric field density, as shown in Figure 1d . The electric field gradually decreased as the spacing increases due to the reduced coupling between shells. Note that an eccentric effect will become severe as the gap between nanoshells is increased. This eccentric effect breaks the symmetry of the structure and reduces the enhanced field density caused by WGM resonance.
For D-S and C-D-S structures, the electric field densities in the active region as a function of the inner-nanoshell position are shown in Figure 2a,b. Figure 2c ,d illustrates the relative position of the two shells for the D-S and C-D-S structures, respectively. These results show that the highest electric field density for both the D-S and C-D-S structures occurred when the inner shell was located at the exact center of the structure. Since the spacing between the inner and outer shells for D-S is larger, the space where the inner shell may move is also greater. Therefore, the symmetry of the D-S structure can be altered to a greater extent, resulting in the reduction of the electric field density by up to 85% compared to the maximum resonant state. While for C-D-S structures, because the spacing between the two shells is comparatively smaller, the symmetry of the structure does not alter as much as the D-S structures. This enables a nearly concentric double-shelled structure to be realized with the C-D-S design, which lessens the eccentric effect and causes the maximum reduction of the electric field density for C-D-S structures to be just 28%.
According to these simulation results, ZnO nanoshells that support WGM resonance can be synthesized and integrated into the proposed PD device. Based on these findings, we
Adv. Mater. 2018, 1801972 We conducted absorption measurements to preliminarily determine the optical properties for each type of ZnO nanoshell structure. The as-synthesized ZnO nanoshells were coated on glass substrates to form a monolayer film. In Figure 3a , at a wavelength of 350 nm, the absorption of the nanoshell films made by S-S, D-S, and C-D-S samples was 87, 92, and 96%, respectively. To compare the light absorption of the same amount of ZnO materials in different structural forms, we prepared a flat 100 nm thick ZnO thin-film sample as a control and compared their optical path length (Figure 3b ; see the Supporting Information for details). [24] [25] [26] [27] Compared to the ZnO control (l = 100 nm), l for S-S, D-S, and C-D-S was 1.3, 1.5, and 2.2 µm, respectively. Despite the narrow thickness of the nanoshell walls (100 nm), our simulations suggested that the resonant effect would enhance absorption in the spherical structures. Accordingly, we observed that the nanoshells absorbed >90% of UV light (Figure 3a ) as compared to an equivalent volume of their bulk counterpart (57% for a ZnO thin film). Note that the upward shifting of the absorption at visible region for the C-D-S nanoshell could be a cause of enhanced absorption of scattered light at the substrate (see the Supporting Information for details).
ZnO nanoshell PDs were fabricated to further characterize the effect of enhanced absorption on the photodetection properties of this material. The as-synthesized ZnO nanoshells were coated on glass substrates (Figure 4a,b) with a thickness of 1-2 µm, corresponding to 1-2 nanoshell layers. Cr/Au (200 nm/800 nm) electrodes were then deposited on the ZnO nanoshells with an electrode gap of 100 µm to obtain the metal-semiconductor-metal (MSM) geometry, as shown in Figure 4a ,b (see the Experimental Section). An advantage of this scalable fabrication strategy was that it averaged the optoelectronic properties of each individual sphere, which reduced the variation caused by defects or the eccentric effect.
Due to the multiple junction barriers that naturally form between nanoshell networks, [22] all the fabricated devices exhibited low dark current below 50 nA at a bias of 2 V. Upon UV illumination (λ = 350 nm), pronounced photoresponses were detected from all devices (Figure 4c ). The results show that both D-S and C-D-S devices have higher photocurrent compared to the S-S device, in accordance with the numerical simulations and absorption measurements, indicating that enhanced absorption can indeed improve the photocurrent.
We performed spectral responsivity measurements via a chopped halogen lamp coupled to a monochromator. Due to the wide bandgap of ZnO (3.37 eV), the nanoshell PDs exhibited visible-blind characteristics, as shown in Figure 4d . For a given wavelength, the responsivity was defined as the ratio of the measured photocurrent and the photon power projected on the active area of the device. The enhancement of the responsivity resembled the trend in the absorption spectra, in the order of C-D-S > D-S > S-S, which could be attributed to the confinement of light by WGM resonance. Physically, outside the nanoshells, the leaky feature of resonance helps the incoupling of light to enhance the absorption. Inside the materials, the WGM resonance further assists the redistribution of light near the surface, facilitating electron-hole separation by SBB. The near-surface absorption is especially important for optoelectronic devices constructed with metal-oxide materials. This resonance-assisted strategy could improve the efficiency of optoelectronic devices in a variety of material systems.
A major advantage of these nanoshell-based PDs is the improved response speed with retention of responsivity. Timeresolved photocurrents for the nanoshell PDs are shown in Figure 4e . The response and recovery times are defined as the time needed to rise to (1−1/e) of the dark current and recover to 1/e of the maximum photocurrent, respectively. Both response and recovery times for the three types of ZnO nanoshell PDs were in the range of ms, which was 5-6 orders of magnitude faster than the film ZnO PDs, and >3 orders faster than single ZnO NW PDs, as listed in Table 1 (see the Supporting Information for more details). The combination of high sensitivity with fast response is of practical importance for applications including optical amplifiers, real-time imaging, and optical communication devices.
The origin of the improved response speed of the ZnO nanoshells could be ascribed to the carrier transport specific to the proposed network geometry. Due to pronounced surface effects (i.e., oxygen adsorption [ [19] nanostructured ZnO PDs have set the world record in responsivity. [28] For a PD device incorporating a network of nanoshells, another mechanism dominates the conducting behaviors, as shown in the schematic of www.advmat.de www.advancedsciencenews.com Figure 4f . The barrier height of the junctions between nanoshells can be lowered via narrowing/lowering of SBB by UV illumination due to the increased carrier density, which has similar mechanism as reported previously in nanowire network devices. [17] [18] [19] Consequently, under UV illumination the width and height of the barrier potential are reduced, giving rise to an increased current. When the illumination is off, the fast recombination process raises the barrier height due to the significantly reduced carrier density, resulting in a rapid decay to the dark current level. Since the modulation of the barrier by light is faster than the oxygen adsorption/desorption process, we therefore observe a significant improvement in recovery speed.
The symmetry of the spherical nanoshells not only supports the resonance effect, but also allows the resonance to be excited without consideration of the light's polarization or angle of incidence (AOI). at oblique incident angles can be described by the equation, I = I 0 cos(θ), in which I 0 is the light intensity measured at normal incidence (θ = 0). The results show that the flat ZnO control exhibits higher reflectance than the nanoshell devices, and the reflectance keeps increasing with the incident angle. Accordingly, the strong reflectance at AOI = 60° causes a sharp responsivity degradation by 55%. On the other hand, the reflectance of all nanoshell PDs is effectively suppressed due to a significant enhancement of light-matter coupling by the WGM resonance. For nanoshell PDs, resonance can be excited regardless of the AOI because of their spherical symmetry. As a result, the responsivity of the nanoshell PDs shows little decrease as the AOI is increased. Note that the inner shell of these nanoshell structures can effectively sustain the high device performance at a higher AOI without significant optical loss (degradation of responsivity by just 5% at AOI = 60° for C-D-S, for example). However, the D-S PDs show less independence from the AOI compared to the C-D-S structures, probably due to the eccentric effect that destroys their symmetry (Supporting Information).
The nanoshell structures also exhibit polarization omnidirectionality which holds promise for exciting resonance at any polarization of light without the need for additional design of structures. Generally, polarized light is required in most resonant plasmonics, metamaterials, and NW structures. [13] In spite of the high polarization sensitivity of most nanomaterials, a polarization-independent resonance is usually required for randomly polarized detection, thermo-photovoltaic cells, and solar cell scatters. [13, 29, 30] For a NW structure, it shows strong polarization dependence, as shown in Figure 5c . [31, 32] In contrast, the resonance modes of nanoshells induced by different polarization angles have orthogonal symmetry due to the material's spherical symmetry. Therefore, the nanoshells produce the same photoresponses from both TE and TM illumination, demonstrating perfect independence to polarization, as shown in the simulated data in Figure 5c . This observation of excited resonance in nanoshell PDs independent of the incident and polarization angle is a significant achievement for omnidirectional nanostructured PDs. [33] In summary, we have demonstrated the use of spherical ZnO nanoshells as PDs and shown their resonance-enhanced performance. Three types of nanoshells were fabricated and compared. Both simulations and experiments showed that the WGM resonance induced in the nanoshells can enhance the near-surface absorption, which is particularly important for wide-bandgap materials, and results in increased responsivity of the nanoshell PDs. Because of the existence of junction barriers between nanoshells, response and recovery speed can be as fast as 0.8 and 0.7 ms, respectively. Moreover, the nanoshell structures exhibit excellent omnidirectionality for both the incident angle and polarization of light due the material's structural symmetry. The multishelled hollow spherical framework provides an important guide for designing nanomaterial architectures that can enable novel devices for applications including solar cells, PDs, light-emitting diodes, and resonators.
Experimental Section
Synthesis of ZnO Nanoshells: The synthesis of the ZnO nanoshells utilized solid carbonaceous microspheres as templates to absorb metal ions, followed by a heating process. The carbonaceous microspheres were immersed in a ZnO salt solution and soaked for 6 h prior to calcination. Then the carbonaceous microspheres were heated and evaporated in air, leaving the products of the ZnO nanoshells on the substrates. Since the shrinking rate of the ZnO and carbon materials were different, the outer ZnO layers split from the inner carbon cores during calcination. Under the controlled heating process, the geometry of the ZnO spherical nanoshells, including the shell number and the spacing between inner shells, could be well defined.
Fabrication of ZnO Nanoshell-and Film-Based PDs: ZnO nanoshells were fabricated on glass substrates, followed by Cr/Au (200 nm/800 nm) electrode deposition using a E-beam deposition system and 100 µm Au wires as a mask. ZnO thin film controls were deposited 100 nm thick on glass substrates using a radio-frequency sputtering technique, followed by deposition of Cr/Au electrodes using Au wires as a mask to achieve the same MSM geometry as the nanoshell devices. After fabrication of these devices, their geometries were confirmed with a JEOL JSM-6500 field emission scanning electron microscope (SEM).
Optical Measurements: Absorption measurements were taken on a UV-visible spectrometer (JASCO ARN-733) with an integrating sphere. The sample was set at the center of the sphere. The reflected and transmitted light from the sample were scattered inside the integrating sphere and collected by a photodetector.
Optoelectronic Characteristics: The spectral photoresponse was measured using a halogen lamp coupled to a monochromator (EQE-R3011, Enli Technology Co., Ltd.), and the electrical measurements were performed at room temperature using a semiconductor parameter analyzer (Sourcemeter 2400, Keithley Instruments). The chopped UV light source was modulated at a frequency of 100 Hz. The photoresponse of the fabricated devices was measured using a low-noise amplifier coupled to a data acquisition system (DAQ; DAQ-2214, ADLINK) with a resolution of 10 µs. The responsivity of the PDs could be obtained by the equation R = I photo /P opt , where I photo is the net photocurrent, and P opt is the optical incident power, which was 4 × 10 −4 W (intensity = 0.15 mW cm −2 ). The incident angle of light was tuned by rotating the sample stage. Note that the oblique light intensity was considered as described in the main text.
Simulation: The optical simulations were conducted using the commercial software, Rsoft. The full-wave calculation was based on the finite difference method to solve Maxwell equations in the time domain. The material properties and relative parameters were acquired from the reference [34] . A simulation box with dimensions of 1.2 × 1.2 × 1.2 µm was used. The resolution of the mesh grid was set to 10 nm across the simulation space. The light source was a 350 nm plane wave, normally incident to the materials. Light density was calculated by integrating the light intensity inside the materials and then divided it by the material volume. Note that the electric field density was defined as the summation of light intensity inside materials derived by the material volume. FDTD simulations were also used to study the polarization dependence of nanowires and nanoshells. In the simulation, the diameter of the nanowire was 100 nm and the polarization of light was varied in 5° steps, from 0° to 180°.
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